Introduction
============

Cancer remains to be one of the leading causes of deaths worldwide.^[@r01])^ Although cancers may initially show good response to conventional treatments such as chemotherapy or radiotherapy, they quite commonly recur at a later date. One explanation for this phenomenon is the existence of a small population of cancer stem cells that are resistant to radiation and chemotherapy, allowing them to withstand treatment and cause recurrence, sometimes decades following the initial treatment^[@r02]--[@r04])^ (Fig. [1](#fig01){ref-type="fig"}). An important notion is that similar to any proliferative tissues in adults, tumour growth is sustained only by a small number of stem cells that are responsible for self-renewal. While most of the tumour bulk consisting of cells which are not stem cells respond to treatment, the cancer stem cells remain. Following this logic, the eradication of cancer stem cells is absolutely critical for offering long-term cure to patients with cancer.^[@r02],[@r05],[@r06])^ Most encouragingly, the emerging evidence support the notion that targeting cancer stem cells could cure what would otherwise be a terminal disease.^[@r07])^

It was demonstrated as early as in the 1930s by Furth and Khan that single cancer cells could establish heterogeneous tumour mass resembling the cancers from which they were derived from.^[@r08])^ Subsequent experiments demonstrated that the frequency of the tumour initiating cells were low (one per 10^3^ to 10^7^ cells).^[@r09]--[@r11])^ However, it was not until around two decades ago that cancer stem cells could be isolated from cancers with flow cytometry using cell surface markers specific for cancer stem cells. This in turn allowed the biology of cancer stem cells to be studied in greater depth. In 1994, Dick and his colleagues were the first to isolate a small population of leukaemia cells that could grow tumours when xenotransplanted in immuno-deficient mice,^[@r12])^ and this was followed a few years later by the discovery of similar cells in solid cancers by Clarke and his colleagues.^[@r13],[@r14])^ Most importantly for both these examples, it was only the cancer stem cells that could grow tumours in mice, and the transplantation of the differentiated cancer cells that made up the major proportion of the cancer mass did not result in tumour formation in mice (Fig. [2](#fig02){ref-type="fig"}).

It was the isolation of cancer stem cells that allowed scientists to determine that they are more resistant to radio- and chemotherapy.^[@r15]--[@r18])^ Cancer stem cells, like normal stem cells are endowed with mechanisms to protect themselves against a wide range of insults including anti-cancer treatments, such as the enhancement of both the DNA damage response and the ability to extrude drugs. On top of this, they are more resistant to the induction of apoptosis. Furthermore, it has been found that cancers with higher expression of stem cell markers are associated with increased rates of recurrence^[@r19],[@r20])^ and poorer prognosis,^[@r21])^ supporting the notion that cancer stem cells are responsible for treatment resistance and recurrence.

In this review, we first describe a system that we developed to visualise cancer stem cells *in situ*, without disturbing their environment. We also describe the strategies being developed at Osaka University to target cancer stem cells. These strategies include the targeting of the histone demethylase jumonji, AT rich interactive domain 1B (JARID1B), which we found to be functionally significant in the maintenance of cancer stem cells. Other strategies being pursued include reprogramming of cancer stem cells and the targeting of a functional cell surface marker in liver cancer stem cells, the aminopeptidase CD13.

1. Visualisation of cancer stem cells
=====================================

Much of the research in cancer stem cells have relied on their isolation using flow cytometry, which requires the cells to be taken away from their environment, potentially altering their biology through increased stress. We set out to develop a system for visualising cancer stem cells *in situ*, *in vitro* or *in vivo*, to aid research into their true behaviour.

This was made possible by taking advantage of one of the characteristics of cancer stem cells, which is that they are quiescent with a low protein turnover and a downregulated 26S proteasome activity.^[@r22])^ Cell lines from colorectal cancer,^[@r16])^ cervical cancer^[@r17])^ and osteosarcoma^[@r18])^ were transfected with a vector coding for a fusion protein consisting of a green fluorescent protein, ZsGreen, and the C-terminal degron of the ornithine decarboxylase (ODC) that is normally destroyed by proteasomes. Cancer stem cells with low 26S proteasome activity were predicted to retain the green fluorescence due to decreased degradation of the fusion protein (Fig. [3](#fig03){ref-type="fig"}). As expected, the fluorescent cells (ZsGreen-ODC positive) from the three cancers mentioned above demonstrated features of stemness, including the ability to form tumours as mice xenotransplants and to undergo asymmetric cell division. Furthermore, the fluorescent cells were more chemo- and radioresistant compared to the non-fluorescent cells,^[@r17],[@r18])^ an important feature of cancer stem cells as mentioned previously. Others have also reported ZsGreen-ODC positive cells to harbour features of cancer stem cells including in pancreatic cancer,^[@r23])^ glioma and breast cancer,^[@r24])^ demonstrating the utility of this system across a wide range of cancers.

Such visualisation of cancer stem cells using the ZsGreen-ODC system allows in addition for drug screening to search for novel agents that are able to eradicate cancer stem cells.

2. Drug development targeting the histone demethylase JARID1B
=============================================================

We and others have previously found the highly conserved histone demethylase, jumonji AT rich interactive domain 1B (JARID1B) to be a functional marker of cancer stem cells.^[@r25]--[@r27])^ Histone demethylases remove methyl groups from histone, and this post-transcriptional modification of the histones can affect gene expression. This is because DNA is wound around the histone protein, and the modification to the histone proteins can alter whether the DNA it is packaging can be made available for transcription. In this way, JARID1B is a powerful regulator of gene expression and is also involved in normal tissue development as well as the maintenance of cancer stem cells.^[@r25],[@r28]--[@r33])^

JARID1B belongs to a family of Jarid1 proteins that are highly homologous, and there is at least partial redundancy between Jarid1b and Jarid1a in demethylating H3K4.^[@r34],[@r35])^ In melanoma, JARID1B was found to be a marker of a small proportion of cells with a slow cell turnover, but ones that gave rise to a progeny with high turnover.^[@r36])^ Knockdown of JARID1B lead to the exhaustion of tumour growth, suggesting that the histone demethylase was functionally important in maintaining continuous tumour growth.^[@r25])^ Furthermore, JARID1B was found to be critical in conferring the melanoma cells resistance against the chemotherapy cisplatin.^[@r37])^

In colorectal cancer cell lines, we confirmed that knockdown of JARID1B compromised the growth of the tumours in the mouse xenograft model, as well as reducing the sphere forming capacity, suggesting the functional significance of JARID1B in cancer stem cells. JARID1B suppression was also found to increase trimethylation of histone 3 lysine 4 (H3K4) at the promoter region of the tumour suppressor p16/INK4A, resulting in the increased expression of the gene. p16/INK4A is also a key inducer of cellular senescence, and indeed promoted this cellular phenotype after knockdown of JARID1B expression.^[@r26])^ These results suggest JARID1B to be a good target against cancer stem cells. Moreover, the expression of JARID1B in the normal tissue is restricted to the testes and ovaries, which suggests that targeting JARID1B may be associated with minimal side effects.^[@r25])^

We are therefore at present searching for small molecule inhibitors of JARID1B, with the aim of developing a drug that could be used clinically for the eradication of cancer stem cells. Such medications may require the co-administration with therapies aimed at inactivating the function of drug transporters that actively pump drugs out of cancer stem cells.^[@r38],[@r39])^

3. Treatment based on cell reprogramming
========================================

A. The concept.
---------------

The Nobel laureate Yamanaka and his colleagues made the landmark discovery that differentiated cells could be reprogrammed to become induced pluripotent stem (iPS) cells by the transfection of four transcription factors, Oct4, Sox2, Klf4 and c-Myc (hereon referred to as Yamanaka factors);^[@r40],[@r41])^ this demonstrated a powerful method of transforming cellular phenotype through epigenetic manipulation. Cancers arise as a result of epigenetic dysregulation as well as genetic mutations,^[@r42])^ and stemness is controlled by epigenetics. We explored the effect of reprogramming cancer cells and cancer stem cells by the transfection of the Yamanaka factors, to see if their malignant potential could be diminished through the interference of their epigenetic signature.

Despite the abundance of genetic mutations harboured by cancer cell lines, we found they could be reprogrammed to become pluripotent cells, or induced pluripotent cancer (iPC, *not to be confused with iPS*) cells. Cancer cell lines transfected with the Yamanaka factors expressed markers of embryonic stem cells such as glycolipid carbohydrate epitope stage specific embryonic antigen 4 (Ssea-4), signifying the reprogramming from differentiated cells to pluripotent stem cells. What is more, the iPC cells could be manipulated to differentiate into cells of different phenotypes by controlling the environment in which they were grown in. The reprogrammed cancer cells could be guided to differentiate to cells of epithelial, mesenchymal, neural and adipose lineages by controlling the conditions of the culture mediums.^[@r43])^ In this way, we were able to demonstrate that even the iPC cells had the capacity for multipotent differentiation.

At first we thought that the iPC cells would revert to their original phenotypes. To our surprise however, we found that the iPC cells lost the ability to initiate tumours as subcutaneous xenotransplant in mice. Alongside this, iPC cells became more sensitive to chemotherapy.^[@r43])^ These findings suggest that reprogramming is a promising method of diminishing the function of cancer stem cells.

B. Reprograming of cancer cells using microRNAs.
------------------------------------------------

In order to make use of the reprogramming strategy to eradicate cancer stem cells, we had to overcome some challenges. One problem associated with the administration of the Yamanaka factors to humans is the requirement for viral vectors for transfection, with the associated risk of random insertions of DNA sequences into the genome. The creation of both iPS and iPC cells are also highly inefficient.

In order to bypass the problems above associated with the use of the Yamanaka factors, we developed a method of reprogramming mice and human fibroblasts to pluripotent stem cells through the use of a specific combination of microRNAs.^[@r44])^ MicroRNAs (miRNAs) are small non-coding RNAs that silence gene expression, and regulate development, differentiation and cancer cell biology. Specific miRNAs have been characterized to control pluripotency-related genes,^[@r45]--[@r47])^ which prompted us to search for miRNAs that could reprogram differentiated cells to pluripotent stem cells.

To begin with, we used unbiased analysis to search for miRNA that are involved with the induction and maintenance of iPS cells. We first searched for miRNA that are highly expressed in mouse iPS cells and mouse ES cells, but with low or undetectable expression in differentiated mouse adipose stromal cells. These candidate miRNAs that were picked up from the first screen were then applied to cells derived from transgenic mice with green fluorescent protein (GFP) inserted downstream of the promoter for octamer-binding transcription factor 3/4 (Oct3/4), a transcription factor and master regulator of pluripotency.^[@r48])^ In this way, cells becoming pluripotent through the activation of Oct3/4 would become fluorescent, allowing the identification of miRNAs that could reprogram the cells to pluripotency. As a result, we found that a combination of three miRNAs (mir-200c, mir-302s and mir-369s) could reprogram both mouse and human cells to pluripotency.

The achievement of pluripotency was confirmed by demonstrating the ability of the miRNA induced pluripotent stems cells to differentiate to cells of different lineages, as well as being able to generate chimera mouse.

It was also possible to reprogram cancer cells through the administration of the three miRNAs, demonstrated by the expression of the pluripotency markers Oct3/4, Sox2 and Nanog. As was the case with the Yamanaka factors, cancer cell lines reprogrammed by miRNA also demonstrated decreased tumour initiating capacity and became sensitive to chemotherapy (Fig. [4](#fig04){ref-type="fig"}).^[@r49])^ Most significantly, we have also been able to confirm the feasibility, safety and the effectiveness of administering the three miRNAs *in vivo*. In a mouse model of colorectal cancer, we were able to demonstrate that the three miRNAs are able to suppress tumourigenesis, suggesting that this therapy could be useful for both preventing and treating cancer.

One problem associated with miRNA based treatment is the presence of RNases in the bloodstream leading to the rapid degradation of RNA, making them unsuitable for systemic therapy when used in isolation. We therefore designed a drug delivery system, called the super carbonate apatite nanoparticles, which is capable of preventing the degradation of RNA. The super carbonate apatite nanoparticles are also able to selectively deliver RNAs to tumours because they preferentially release RNA in the low pH conditions found in tumours.^[@r50])^ In order to further increase the stability and the efficacy of the miRNA based therapy, we are also at present exploring the use of synthetic miRNA.

C. The functional mechanisms of the three miRNAs.
-------------------------------------------------

In order to understand the molecular mechanisms behind the effectiveness of the reprogramming therapy in suppressing cancer, we are examining the role of each of the three miRNAs.

mir-302s was found to repress the expression of multidrug resistance-associated proteins, which are the transmembrane protein transporters that expel a number of chemotherapeutic agents from the cytoplasm of the cancer cells.^[@r49])^ Such action of mir-302s may be the reason behind the increased sensitivity to chemotherapy in the reprogrammed cancer cells.

On the other hand, mir-369s was found to reprogram the cellular metabolism of cancer cells by promoting the Warburg effect, which is the preferential fermentation of sugars over oxidative phosphorylation, despite the presence of oxygen.^[@r51],[@r52])^ The Warburg effect is a metabolic trait associated with stem cells, and mir-369s was found to promote this through the stabilisation of the expression of the isoform of an enzyme pyruvate kinase 2 (PKM2). PKM2 regulates the final rate-limiting step of glycolysis, allowing the diversion of glycolytic flux into the pentose phosphate pathway instead of the tricarboxylic acid cycle, thus driving the Warburg effect.^[@r53])^ Although it remains to be elucidated whether the altered metabolism directly affects carcinogenesis or chemoresistance, it seems likely that metabolism plays an important role in reprogramming cancer cells to the pluripotent state.

The mir-200 family are well known to block epithelial-mesenchymal transition (EMT), a cellular phenotype which is associated with the cancer cells acquiring the ability to invade the surrounding tissues and enter the bloodstream, leading to distant organ metastasis.^[@r54])^ Indeed, cancer cells transfected with mir-200c demonstrated decreased expression of the mesenchymal markers ZEB1, ZEB2, SNAIL, SLUG, increased expression of the epithelial marker E-cadherin, and decreased invasive capacity of the cells.^[@r49])^

These results demonstrate that the three miRNAs target various aspects of cancer biology, and corroborates our hypothesis that these miRNAs are capable of changing the fundamental biology of the cancer cells.

4. Targeting CD13
=================

Another approach to targeting cancer stem cells for treatment is to target the cell surface molecules that are specifically expressed in these cells. We were the first to isolate cancer stem cells from liver cancer, by identifying CD13 as a cell surface marker of cancer stem cells. This was achieved by performing a gene expression profile analysis of a side-population of liver cancer cells with a low cell turnover. The side-population of cells have enhanced ability to extrude dye, and this is a reliable method for isolating stem cells, including cancer stem cells.^[@r55],[@r56])^ This revealed CD13 to be highly expressed in the population of cells with a low cellular turnover. Furthermore, CD13 positive cells were confirmed to have the characteristics of cancer stem cells, such as the ability to initiate tumours as xenografts in mice, form spheres in culture and chemoresistance.

Furthermore, CD13 was proven to be functionally significant in the maintenance of cancer stem cells. CD13 was found to reduce reactive oxygen species (ROS)-induced DNA damage after genotoxic chemo- or radiotherapy, preventing apoptosis. The inhibition of CD13 by the commercially available neutralizing antibody ubenimex resulted in the increase of ROS in response to chemotherapy, leading to the significant reduction in the size of tumours in subcutaneous mouse xenograft models (Fig. [5](#fig05){ref-type="fig"}). These results suggest that combining CD13 treatment with ROS inducing chemo- or radiotherapy, thereby targeting the cancer stem cells as well as the differentiated cancer cells, may lead to a better outcome in liver cancer.^[@r57],[@r58])^

Concluding remarks
==================

Much has been achieved in the field of cancer stem cells in the last two decades. We and others have shown that treatment strategies targeting cancer stem cells can eradicate cancers. Through such work, we hope in the future that we will be able to overcome the problems of treatment resistance and recurrence in cancer, providing long-term cure from this prevalent disease.
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![Cancers are made up of cancer stem cells (fluorescent green cells) and differentiated cancer cells (non-fluorescent cells). Conventional cancer treatment is able to eradicate the differentiated cancer cells but not the cancer stem cells. Cancer stem cells cause recurrence at a later date (A). Cancer stem cells demonstrate asymmetrical cell division, giving rise to one fluorescent cancer stem cell and non-fluorescent daughter cell (B). The daughter cell continues to divide multiple times (C and D), to make up the bulk of the cell population (E). While this results in there being only one cancer stem cell, this cell is capable of surviving chemotherapy and regenerating the entire cellular population.](pjab-93-146-g001){#fig01}

![The mouse xenograft model allows the presence of cancer stem cells to be discerned. This is because only the cancer stem cells are able to form tumours when transplanted into immuno-deficient mice.](pjab-93-146-g002){#fig02}

![Cancer stem cells can be visualised because they have downregulated 26S proteasome activity. Cells are transfected with a vector coding for a fusion protein consisting of ZsGreen, and the C-terminal degron of the ornithine decarboxylase. Degron directs the destruction of the fluorescent protein by proteasomes in differentiated cancer cells. In cancer stem cells, the fusion protein is not destroyed and the cells are fluorescently labelled.](pjab-93-146-g003){#fig03}

![Stromal cells can be reprogrammed to inducible pluripotent stem (iPS) cells through the transfection of Yamanaka factors (Oct4, Sox2, Klf4 and c-Myc), or through three miRNAs (miR-200c, miR-302, miR-369). Cancer cells can also be reprogrammed to pluripotent cells, so called inducible pluripotent cancer (iPCs) cells, which have reduced tumour initiating capabilities and increased chemosensitivity.](pjab-93-146-g004){#fig04}

![CD13 is a functional marker of cancer stem cells, reducing reactive oxygen species (ROS)-induced DNA damage after genotoxic chemo- or radiotherapy, preventing apoptosis. The inhibition of CD13 by the commercially available neutralizing antibody ubenimex results in the increase of ROS, leading to apoptosis.](pjab-93-146-g005){#fig05}
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